Analysis of poliovirus-infected cells by isoelectric focusing in urea resolves at least 25 bands. Combination of isoelectric focusing and sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) in a two-dimensional analysis (2D-analysis) revealed a much better resolution than each method separately. By 2D-analysis most of the bands could be correlated with the known poliovirus-specific polypeptides generated in the infected cell. With this technique it was possible to determine the apparent isoelectric point (pI) of the identified poliovirus polypeptides. They are in the range from pH 5.6 for polypeptide 7d to pH 8.8 for polypeptide X, which is the most basic found so far.
INTRODUCTION
Poliovirus proteins have been characterized mainly by SDS-PAGE after the introduction of this technique for the separation of capsid proteins (Maizel, 1963) and of poliovirus-infected HeLa cell proteins (Summers et al., 1965) . Determination of the mol. wt. and the cleavage pathway of poliovirus proteins also resulted from the use of this method (Summers & Maizel, 1968; Holland & Kiehn, 1968; Jacobson & Baltimore, 1968 ; for reviews, see Korant, 1975; Butterworth, 1977; Rekosh, 1977; Rueckert et al., 1979) .
We have separated poliovirus capsid proteins by a different technique, namely isoelectric focusing. The combination of isoelectric focusing and SDS-PAGE in a 2D-analysis in polyacrylamide gels gave a much better resolution than SDS-PAGE alone and allowed the direct determination of the isoelectric points (pI) of poliovirus capsid proteins (Hamann et al., 1977) . The isoelectric points of the capsid polypeptides differed from one strain to another. However, in all polioviruses tested, VP1 was the most basic and VP3 the most acidic polypeptide, and the order of decreasing pI was always VP1, 4, 2, 3 (Hamann et aL, 1978; Drzeniek et al., 1980) . Due to the great differences in pI values, a preparative procedure of isoelectric focusing in urea-sucrose gradients yielded excellent separations of all four capsid polypeptides (Wiegers & Drzeniek, 1980) . The problems created by isoelectric focusing in high concentrations of urea were overcome in a methodological study in which rules were elaborated for the analysis of capsid proteins by isoelectric focusing and 2D-analysis (Hamann & Drzeniek, 1978) .
The high resolving power of 2D-analysis (O'Farrell, 1975) and the separation of poliovirus capsid proteins prompted us to use the procedure for the analysis of poliovirus-infected HeLa cells . A brief report on this subject has been given previously (Wiegers & Drzeniek, 1978) . In the present report we describe the experimental procedure for isoelectric focusing and two-dimensional electrophoresis of poliovirus-specific polypeptides, both structural and non-structural, in cytoplasmic extracts of infected HeLa cells. A table of the known poliovirus polypeptides characterized both by their apparent isoelectric point and mol. wt. demonstrates the value of the 2D-analysis for the characterization of virus proteins.
METHODS

Cells and virus.
The growth of HeLa S a cells and the purification of poliovirus type 1, strain Mahoney, have been described previously (Yamaguchi-Koll et al., 1975) .
Infection and labelling conditions. A 300 ml culture containing 6 x 106 cells/ml was infected with 100 p.f.u./cell in the presence of actinomycin D (2 /lg/ml) in Joklik-modified medium F-13 (Grand Island Biological Co., Grand Island, N.Y., U.S.A.). After 30 min at room temperature the cells were diluted twofold with medium containing 5 % foetal calf serum. At different times after infection they were centrifuged at low speed, washed once with medium lacking amino acids except for glutamine and resuspended in the same medium. Cells were labelled with 20 gCi/ml L-3~S-methionine. The chase was carried out by adding 100-fold excess unlabelled methionine.
Preparation of cytoplasmic extract. A 100 ml cell suspension was diluted with 400 ml ice-cold phosphate-buffered saline and the cells collected by low speed centrifugation. They were then resuspended in RSB (0.01 M-tris, pH 7.4, 0.01 M-NaC1, 0.0015 M-MgC12) and disrupted with 20 strokes in a Dounce homogenizer (Penman et al., 1963 ). Cells and nuclei were then removed by centrifugation for 5 min at 3500 g. The extracts were stored at -80 °C until use.
SDS-PAGE and autoradiography. Proteins were analysed by SDS-PAGE in a system similar to that described by Laemmli (1970) . The samples were disrupted by boiling in the presence of SDS and were electrophoresed through a 22 cm SDS-polyacrylamide linear gradient (10 to 20% acrylamide) slab gel. After electrophoresis the gel was stained and dried, and analysed by autoradiography.
Isoelectricfocusing and 2D-analysis. Samples were incubated in 9 M-urea at 25 °C for 1 h in the presence of 50 pg/ml pancreatic ribonuclease A (RNase 1, EC 3.1.4.22). The isoelectric focusing procedures have been described in detail (Hamann & Drzeniek, 1978) . Briefly, gels for isoelectric focusing contained 5% acrylamide (with 2.6% bisacrylamide), 9 M-urea and 2% ampholyte, comprising the fractions of pH 5 to 7, 7 to 9 and 2 to 11 (1 : 1:0.5).
For the 2D-analysis isoelectric focusing was done in gel rods, which were 1.5 mm in diam. and 8 to 10 cm in length. They were overlaid with 0-5 to 1 cm of 7 M-urea containing 2% ampholytes and prefocused for 1 to 2 h.
The electrode solutions consisted of 0.1 M-sodium hydroxide at the cathode and 0.1 M-phosphoric acid at the anode. After prefocusing samples were carefully layered on top of the gel. The potential was 100 V overnight with an additional hour at 500 V. The gels were then equilibrated for 15 min in spacer gel buffer with 1% SDS and for 15 min in buffer with 0.1% SDS and 1% 2-mercaptoethanol and heated to 100 °C for 2 min.
In the second dimension, SDS-PAGE was carried out in slab gels as described above. The equilibrated gel rods were set up on top of the stacking gels of 22 cm gradient slab gels and overlaid with 1% agarose in spacer gel buffer wtih 0.1% SDS. Reference samples were dissociated for 2 min at 100 °C in spacer gel buffer containing 1% SDS, 20% glycerol and 1% 2-mercaptoethanol. Electrophoresis was carried out at 100 V for 1 h and 300 V for 16 h (pulsed power supply, Ortec, Oak Ridge, Tenn., U.S.A.).
Determination of isoelectric points and mol. wt. The pH gradients of the isoelectric focusing gels were determined as described previously (Hamann & Drzeniek, 1978) and the isoelectric points were obtained by interpolation. The mol. wt. of the poliovirus polypeptides in our system were determined by extrapolation using a high and low mol. wt. electrophoresis calibration kit (Deutsche Pharmacia, Freiburg, Federal Republic of Germany).
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Chemicals and isotopes. Ampholyte (Servalyte), acrylamide, SDS, bovine pancreatic ribonuclease A and actinomycin D were obtained from Serva (Heidelberg, Federal Republlic of Germany). Acrylamide was recrystallized before use. The ampholytes were purified with activated charcoal (Hamann & Drzeniek, 1978) . Urea was analytical grade from Merck (Darmstadt, Federal Republic of Germany); L-35S-methionine (600 to 700 Ci/mmol) was obtained from Amersham Buchler (Braunschweig, Federal Republic of Germany).
RESULTS
Isoelectric focusing of poliovirus-infected HeLa cells
HeLa S 3 cells were infected with poliovirus type 1 in the presence of actinomycin D and labelled for 5 min at 3-5 h after infection with radioactive L-3~S-methionine. This was followed by a chase of l0 to 90 min with cold methionine. Only poliovirus-specific polypeptides were labelled because, under these conditions, cell protein synthesis was completely inhibited. Cytoplasmic extracts were prepared and examined by isoelectric focusing in 5% polyacrylamide gels in 9 M-urea under conditions (see Methods) used for the separation of the structural polypeptides of poliovirus (Hamann et al., 1977; Hamann & Drzeniek, 1978) . At least 25 bands were easily resolved ( Fig. 1 ) in the pH range 5.5 to 9. Bands lying 0.05 pH units apart were clearly separated. Thus, this one-dimensional isoelectric focusing procedure has a resolving power similar to SDS-PAGE, while the separation is achieved by a completely different principle, namely charge heterogeneity.
The structural polypeptides VP0, VP1, VP2 and VP3 were identified by comparison with dissociated poliovirus particles and empty capsids. They were marked on the right side of Fig.  1 together with their isoelectric points. Despite the pulse-chase effect, other bands could not be identified. Therefore, first SDS-PAGE and then 2D-analysis were employed to determine the isoelectric focusing pattern of poliovirus-specified proteins from infected HeLa cells.
SDS-PAGE
A polyacrylamide-gradient slab gel was used to separate polypeptides differing in mol. wt. between 5000 and 100000. Fig. 2 shows an autoradiogram of a pulse-chase experiment performed in parallel to the isoelectric focusing shown in Fig. 1 . During the chase (lanes B to G) the familiar shift of radioactivity from high mol. wt. bands, e.g. polypeptide la to low mol. wt. bands, e.g. VP2, VP3, is seen. The designation of the non-structural polypeptides (la to 10) and the structural polypeptides VP0, VP1, VP2, VP3 and VP4 is on the left side. It was made on the following basis: VP0 to VP4 were compared directly by co-electrophoresis of poliovirus particles and empty capsids. Polypeptides la to 10 were designated by their sequence in the gel and by the evaluation of the pulse-chase effect, i.e. the instability of certain polypeptides. Due to the great differences in mol. wt. reported in the literature for poliovirus polypeptides, our comparisons and nomenclature are based mainly on the report of Butterworth (1973) and on a review by Rueckert et aL (1979) . Mol. wt. determined in the SDS-PAGE system are listed in Table 1 .
2D-analysis of cytoplasmic extracts of poliovirus-infected HeLa cells"
To correlate poliovirus polypeptides resolved by isoelectric focusing with the pattern obtained by SDS-PAGE, a 2D-analysis was performed. Samples of cytoplasmic extracts from the 5 min pulse and 60 min chase experiments were focused in small gel rods and subsequently layered on top of the stacking gels of 10 to 20% polyacrylamide-gradient slab gels. The 2D-analysis performed after a 5 min pulse is shown in Fig. 3 (a) and that after the 60 min chase in Fig. 3 (b) . Isoelectric focusing was from left to right; the samples were loaded near the anode. Acidic pH values (pH = 5) are at the left side and alkaline pH values (pH = 9) are on the right side of the gel. F o r the reference sample, poliovirus and the appropriate cytoplasmic extract were dissociated by SDS and co-electrophoresed in two slots (A, B) at the left side of the gel. The main spots were identified by the S D S -P A G E pattern and marked, using the nomenclature for poliovirus polypeptides (Butterworth, 1973) . A number of polypeptides were detected which have not been seen before, e.g. some spots in the region of polypep~ides la, 2, 4 and 5. Their role in poliovirus replication remains to be elucidated. Next to VP0 ~S"the polypeptide 6a. Its mol. wt. is close to that of VP0, but it differs in its charge from VP0. Therefore, VP0 and polypeptide 6a are more easily resolved by 2D-analysis than 
2D-analysis of polio-infected cells
A B C D E F G P
65 Fig. 2 . SDS-PAGE of cytoplasmic extracts from poliovirus-infected HeLa cells. The same cytoplasmic extracts as in Fig. 1 were analysed on a 10 to 20% linear gradient slab gel. Lane A: extract prepared after a 5 rain pulse; lanes B to G: extracts prepared after a chase of 5, 10, 15, 30, 60 and 90 min respectively. Lane P shows the virion polypeptides; it was not adjacent to lanes A to G in the original gel. Anode was at the bott ^~ by S D S -P A G E . The clear separation of VP 1 and polypeptide 6b is also striking. Polypeptide X is the most basic one so far detected in poliovirus-infected H e L a cells. After a short pulse (Fig. 3 a) , the spots of the structural polypeptides VP0, VP 1 and VP3 were of low intensity. During a chase (Fig. 3 b) the spots of polypeptides la, lb, lc and 3a disappeared. VP0, VP1 and VP3 gained intensity and 3b, 5b, VP2 and VP4 appeared. Polypepfides 9 and 10 again were not detected.
Some polypeptides, like the capsid protein precursors l a and 3a, had a tendency to stick to the top of the first dimension gel and formed streaks in the second dimension gel.
IP: 54.70.40.11
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$ Determined previously (Hamann et al., 1977) .
Polypeptides 5b and 7d were difficult to detect while 9 and 10 were not seen at all. Interestingly, one could observe reproducible spots differing only slightly in mol. wt. and isoelectric point located in the region between polypeptides 2 and 4 and in the region of polypeptide 5a. The nature and role of these new spots are under investigation. (Drzeniek et al., 1980) of the identified poliovirus polypeptides were determined on isoelectric focusing gels using capsid polypeptides as internal standards. The compilation of isoelectric points and mol. wt. of the individual polypeptides (Table 1) gives their characterization by two independent physical parameters. The most basic is polypeptide X (pI = 8.8), whereas the most acidic is polypeptide 7d (pI = 5.6).
Isoelectric points of poliovirus polypeptides in infected HeLa cells The apparent isoelectric points
DISCUSSION
Analysis of cytoplasmic extracts of poliovirus-infected HeLa cells by a two-dimensional technique illustrates the high resolving power of this method. This is even more remarkable considering the amount of unlabelled cellular material present in the samples analysed. The Fig. 3. (a) 2D-analysis of the cytoplasmic extract after a 5 min pulse of 3SS-methionine. The cytoplasmic extract was treated and focused as in Fig. 2 except that focusing was done in a gel rod. After focusing the gel was equilibrated with SDS and ~-mercaptoethanol (see Methods) and layered on top of the stacking gel of the 10 to 20% gradient slab gel. Poliovirus (A) and the cytoplasmic extract (B) were co-electrophoresed. (b) 2D-analysis of the cytoplasmic extract prepared after a 60 min chase. The experimental procedure was exactly as in (a). Cytoplasmic extract (A) and poliovirus with a small amount of the extract (B) were co-electrophoresed. . In addition to the improved resolution, 2D-analysis shows the acidity or the basicity of the poliovirus polypeptides, which can be expressed as the apparent isoelectric point. Twenty-two of 24 polypeptides identified have an apparent isoelectric point between 5.6 and 8.8. All values were determined in 9 M-urea. However, so far polypeptide 9 and 10 have not been detected on the two-dimensional gels, probably because their isoelectric points are not in the range of the pH gradient employed. Some polypeptides show considerable streaking in 2D-analysis. This is due to the 'stickiness' of poliovirus polypeptides and their tendency to precipitate on top of the isoelectric focusing gel. We have tried to overcome this problem by incubating and focusing the cytoplasmic extracts in the presence of the non-ionic detergent NP-40 (O'Farrell, 1975) without success. Moreoever, the resolution of poliovirus-specific polypeptides was reduced by this treatment as already shown for the virion polypeptides (Hamann & Drzeniek, 1978) . In the presence of NP-40 the virion polypeptides VP1 and VP3 and their precursors la and 3a were not resolved at all (data not shown). The 'stickiness' is due to hydrophobic regions present in some polypeptides. Interestingly, streaking is observed especially with polypeptide la, 3a and the virion polypeptides VP1 and VP3. A major hydrophobic region, therefore, seems to be located in the gene region coding for the structural polypeptides, accepting the cleavage pathways described for picornaviruses and the gene order of the viral genome (Taber et al., 1971; Rekosh, 1972; McLean & Rueckert, 1973; Butterworth, 1973; Saborio et al., 1974 ; for reviews, see Rueckert, 1976; Rekosh, 1977) .
Besides the known poliovirus polypeptides, a number of additional spots were detected, especially after the 5 min pulse (Fig. 3 a) . In contrast to the major cleavage pathway resulting in large changes in mol. wt., these small differences in mol. wt. and charge are detected only by 2D-analysis. It seems that an intermediate is processed by cleavage of small portions from one end of the molecule to give finally a stable product. This could be a useful explanation for the occurrence of labile intermediates with biological function (Korant, 1975; Rekosh, 1977) .
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